Abstract: Two-dimensional (2D) transition-metal dichalcogenides (TMDCs) quantum dots (QDs) are the vanguard due to their unique properties. In this work, WSe 2 QDs were fabricated via one step ultrasonic probe sonication. Excitation wavelength dependent photoluminescence (PL) is observed from WSe 2 QDs. Room-temperature lasing emission which benefits from 3.7 times enhancement of PL intensity by thermal treatment at~470 nm was achieved with an excitation threshold value of 3.5 kW/cm 2 in a Fabry-Perot laser cavity. To the best of our knowledge, this is the first demonstration of lasing emission from TMDCs QDs. This indicates that TMDCs QDs are a superior candidate as a new type of laser gain medium.
Introduction
Nanoluminescent materials have always been the hotspot of scientific research [1] [2] [3] . Among these, pioneering work on layered materials has been done to explore the potential of layered materials in diverse applications [4] . Two-dimensional (2D) transition-metal dichalcogenides (TMDCs), especially, have attracted significant attention because of their unique properties [5] [6] [7] [8] [9] [10] . TMDCs quantum dots (QDs) have also been studied intensively as future optoelectronic materials owing to their dramatic properties [4, [11] [12] [13] and widespread applications, such as fluorescent imaging, biomedical imaging, biological sensing [14] , light emitting devices [15] , photocatalytic, and hydrogen generation [16] et al. [17, 18] . TMDCs systems have been demonstrated to exhibit distinctive photoluminescence (PL) characteristics [19] [20] [21] [22] because of their direct energy band gap. Increasing PL by decreasing the number of layers of materials was reported by Wang et al. [23] . Sefaattin Tongay et al., successfully exfoliated single-layer MoSe 2 for the first time which showed good thermal stability with a 1.55 eV direct bandgap [24] . After that, PL from 2D TMDCs have been widely studied due to their unique photoluminescence properties. Hao et al., realized both near infrared-to-near infrared up-conversion and down-conversion light-emissions by fabricating a novel 2D system of Er-doped MoS 2 layered nanosheets [25] . Chen et al. significantly enhanced the Raman signal and PL of various 2D materials by using a two-layer nanocavity which comprised a non-absorbing spacer deposited on a flat metal reflector [26] . TMDCs QDs also exhibit excellent PL properties which profit from quantum confinement effect and some of the inherent merits of the 2D materials. X. Bai et al. fabricated ultrasmall WS 2 QDs with catalytic properties and PL characteristics at visible wavelength [27] .
Ultraviolet irradiation-induced oxidative etching in an aqueous solution to prepare photoluminescent MoS 2 and WS 2 QDs was reported by X. Lu et al. [28] . However, all the reported studies were just focused on normal PL from TMDCs QDs. Stimulated emission (i.e., lasing emission) from TMDCs QDs has not yet been reported. The realization of lasing emission is proof of excellent optical properties of QD materials. Perovskite QDs [29, 30] and carbon nanodots [31, 32] have already achieved lasing emission due to its distinct optical properties.
Experiment
WSe 2 QDs were fabricated by using a method of probe sonication. Commercial WSe 2 powder with an average particle size of 10-20 µm was dispersed in 50 mL Polyethylene Glycol 400 (PEG 400 ). Then, the mixture was sonicated for 12 h in the sonicator. In this process, the WSe 2 powder was crushed into QDs. After that, the suspension was centrifuged at the speed of 10,000 rpm for 10 min. After that, WSe 2 QDs in PEG 400 were collected from the supernatant. Finally, the as-prepared WSe 2 QDs in PEG 400 was placed inside a temperature regulated oven for thermal treatment at different temperatures.
The morphology of the WSe 2 QDs was characterized by a JEOL JEM-2100F high-resolution transmission electron microscope (HR-TEM, Tokyo, Japan). Raman measurements were conducted on a Horiba-JY T64000 system (Horiba, Tokyo, Japan) using backscattering geometry; the incident laser power was 65 mW, and the laser wavelength was 514.5 nm with spot size about 2 µm. PL spectra were measured by a HORIBA iHR320 spectrometer (Minami-ku, Kyoto, Japan).The lasing characteristics of WSe 2 QDs were studied by third harmonic generation from a neodymium-doped yttrium aluminum garnet (Nd:YAG) pulsed laser (355 nm, 10 Hz, Continuum Surelite, San Jose, CA, USA) with an optical parameter oscillator (Continuum Horizon, San Jose, CA, USA) to expand the Nd:YAG laser to different excitation wavelengths. The laser beam was focused onto the sample by an optical lens with a focal length of 50 mm and laser spot diameter of 125 µm. All of the measurements were conducted at room temperature.
Results and Discussions
Ultrasonic probe sonication has been proved to be an efficient method to fabricate TMDCs QDs in liquid solvent because of the process of cavitation [11] . The morphology of the as-prepared WSe 2 QDs shows a uniform distribution in the transmission electron microscopy (TEM) analysis. Figure 1a and b shows that the size of WSe 2 QDs is distributed between 2 nm and 6 nm with an average size of 3.6 nm. The size distributions of WSe 2 QDs exhibits a Gaussian profiler. (Figure 1b) . Figure 1c ,d are the HR-TEM of the WSe 2 QDs. The lattice spacing, which is measured from an HR-TEM in the inset of Figure 1c of the WSe 2 QDs which correspond to the (104) orientation, is measured to be about 0.21 nm [33] . These measurements indicate that the TMDCs QDs are highly crystalline in nature. Figure 2a plots the Raman spectra of the WSe 2 QDs and the WSe 2 powder. A peak located at around 250 cm −1 can be seen clearly which represents E 1 2g and A 1g peak of the WSe 2 powder. Similarly, the same Raman signal can be found in that of WSe 2 QDs [34] . This implies that the structure of the WSe 2 QDs is similar to their powder. To further investigate the optical property of WSe 2 QDs, ultraviolet-visible light absorption spectra were recorded for the as-prepared WSe 2 QDs as shown in Figure 2b . Strong absorption from 250 to 400 nm is observed with an absorption peak located at 270 nm. Therefore, excitation wavelengths shorter than 400 nm are suitable for WSe 2 QDs PL studies. Excitation wavelength dependent PL is also observed from WSe 2 QDs. As shown in Figure 2c , the emission peak wavelength of WSe 2 QDs redshift from 386 to 465 nm when excitation wavelength varies from 320 to 400 nm. The emission peak wavelengths of WSe 2 QDs are located at the blue-violet area, which is significantly shorter than that of WSe 2 bulk (i.e., located at the near-infrared area) [35] . This is due to the band broadening casing by quantum effects similar to some other QDs materials. Intensive studies have been done on TMDCs QDs since the first discovery of their PL. However, most of the previous works were focused on normal PL only rather than stimulated emission from TMDCs QDs. This is because lower PL intensity and high optical loss hinder the application of TMDCs QDs in stimulated emission. In this work, the thermal treatment method is used to improve the PL intensity of the WSe2 QDs. Figure 2b plots the absorption spectrum of WSe2 QDs at different thermal treatment temperatures for 16 h. It is shown that the absorption at near ultraviolet increases with the increase of temperatures. Simultaneously, the absorption peak of the sample redshifts from 270 to 350 nm with temperature increases from room temperature to 180 °C. This phenomenon can also be confirmed by a change in color of the WSe2 QDs solutions. Figure 2d shows photographs of the WSe2 QDs solution with different thermal treatment temperatures. It can be seen that the color of WSe2 QDs solutions varies from colorless to pale yellow. This coincides with the ultraviolet-visible spectra. Figure 3a shows that the emission peak wavelength of WSe2 QDs (thermal treatment temperature of 180 °C) redshift from 477 to 505 nm when the excitation wavelength varies from 340 to 420 nm with a maximum emission at 380 nm excitation. The highest PL intensity is obtained at 380 nm excitation as is shown in the inset of Figure 3a . As a result, 380 nm is chosen as the excitation light source in the following studies. The Figure 3b shows the PL spectrum of as-prepared samples at different thermal treatment temperatures. The emission peak of WSe2 QDs redshifts from around 430 nm to 470 nm with increasing temperatures at 380 nm excitation. Most importantly, the intensity of PL can be enhanced by increasing the thermal treatment temperature. PL enhancement of as high as 3.7 times can be achieved by thermal treatment of WSe2 QDs at 180 °C. Intensive studies have been done on TMDCs QDs since the first discovery of their PL. However, most of the previous works were focused on normal PL only rather than stimulated emission from TMDCs QDs. This is because lower PL intensity and high optical loss hinder the application of TMDCs QDs in stimulated emission. In this work, the thermal treatment method is used to improve the PL intensity of the WSe 2 QDs. Figure 2b plots the absorption spectrum of WSe 2 QDs at different thermal treatment temperatures for 16 h. It is shown that the absorption at near ultraviolet increases with the increase of temperatures. Simultaneously, the absorption peak of the sample redshifts from 270 to 350 nm with temperature increases from room temperature to 180 • C. This phenomenon can also be confirmed by a change in color of the WSe 2 QDs solutions. Figure 2d shows photographs of the WSe 2 QDs solution with different thermal treatment temperatures. It can be seen that the color of WSe 2 QDs solutions varies from colorless to pale yellow. This coincides with the ultraviolet-visible spectra. Figure 3a shows that the emission peak wavelength of WSe 2 QDs (thermal treatment temperature of 180 • C) redshift from 477 to 505 nm when the excitation wavelength varies from 340 to 420 nm with a maximum emission at 380 nm excitation. The highest PL intensity is obtained at 380 nm excitation as is shown in the inset of Figure 3a . As a result, 380 nm is chosen as the excitation light source in the following studies. The Figure 3b shows the PL spectrum of as-prepared samples at different thermal treatment temperatures. The emission peak of WSe 2 QDs redshifts from around 430 nm to 470 nm with increasing temperatures at 380 nm excitation. Most importantly, the intensity of PL can be enhanced by increasing the thermal treatment temperature. PL enhancement of as high as 3.7 times can be achieved by thermal treatment of WSe 2 QDs at 180 • C. A Fabry-Perot laser cavity, which utilizes WSe2 QDs as laser gain medium, was fabricated by sandwiching a layer of WSe2 QDs in PEG400 (after thermal treatment at 180 °C for 16 h) between an aluminum mirror and a dielectric mirror. A 380 nm laser, which is the optimized excitation wavelength for WSe2 QDs, was chosen as the pump source. The inset of Figure 4a shows a photograph of the designed microcavity. The WSe2 QDs solution film, about 100 μm thick, was formed between an aluminum mirror and dielectric mirror. The mirrors are used to improve the A Fabry-Perot laser cavity, which utilizes WSe2 QDs as laser gain medium, was fabricated by sandwiching a layer of WSe2 QDs in PEG400 (after thermal treatment at 180 °C for 16 h) between an aluminum mirror and a dielectric mirror. A 380 nm laser, which is the optimized excitation wavelength for WSe2 QDs, was chosen as the pump source. The inset of Figure 4a shows a photograph of the designed microcavity. The WSe2 QDs solution film, about 100 μm thick, was formed between an aluminum mirror and dielectric mirror. The mirrors are used to improve the A Fabry-Perot laser cavity, which utilizes WSe 2 QDs as laser gain medium, was fabricated by sandwiching a layer of WSe 2 QDs in PEG 400 (after thermal treatment at 180 • C for 16 h) between an aluminum mirror and a dielectric mirror. A 380 nm laser, which is the optimized excitation wavelength for WSe 2 QDs, was chosen as the pump source. The inset of Figure 4a shows a photograph of the designed microcavity. The WSe 2 QDs solution film, about 100 µm thick, was formed between an aluminum mirror and dielectric mirror. The mirrors are used to improve the longitudinal confinement of light and achieve optical feedback along the laser microcavity. The laser beam was focused onto a spot of 125 µm in diameter on the WSe 2 QDs film through the dielectric mirror. Laser emission is detected from the side of the dielectric mirror perpendicular to the mirror plane. A plot of emission spectra of WSe 2 QDs laser at room temperature versus different excitation power is shown in the Figure 4a . A broad spontaneous emission band centered at~470 nm is observed when the excitation power is below an excitation threshold value of~3.5 kW/cm 2 as shown in Figure 4b . More sharp peaks emerge from the emission spectra with increasing pump power. Meanwhile, the full width at half-maximum (FWHM) of the spectrum also rapidly decreased from 67 nm to 25 nm. Such phenomenon indicates that the stimulated emission has played a leading role. Due to the coherent optical feedback provided by the WSe 2 QDs to form the closed light loop path, the sharp peaks represent the realization of lasing. However, it can be observed from Figure 4a that the laser mode is distributed randomly. This is because a certain amount of heat is generated when the cavity is excited by the excitation light. Under the thermal perturbation, the liquid solution produces an uneven distribution of refractive index which leads to light scattering. The polarization character of the laser is also studied. The linear polarizer demonstrates the anisotropic properties of lasing emissions. The degree of polarization, defined as P = (I 1 − I 2 )/(I 1 + I 2 ), is estimated, where I 1 and I 2 are the intensity of lasing emission with polarization at two different directions respectively. As shown in the inset of Figure 4b , the lasing emission of the WSe 2 QDs is polarized, with the degree of polarization as P = 27.6%. longitudinal confinement of light and achieve optical feedback along the laser microcavity. The laser beam was focused onto a spot of 125 μm in diameter on the WSe2 QDs film through the dielectric mirror. Laser emission is detected from the side of the dielectric mirror perpendicular to the mirror plane. A plot of emission spectra of WSe2 QDs laser at room temperature versus different excitation power is shown in the Figure 4a . A broad spontaneous emission band centered at ~470 nm is observed when the excitation power is below an excitation threshold value of ~3.5 kW/cm 2 as shown in Figure  4b . More sharp peaks emerge from the emission spectra with increasing pump power. Meanwhile, the full width at half-maximum (FWHM) of the spectrum also rapidly decreased from 67 nm to 25 nm. Such phenomenon indicates that the stimulated emission has played a leading role. Due to the coherent optical feedback provided by the WSe2 QDs to form the closed light loop path, the sharp peaks represent the realization of lasing. However, it can be observed from Figure 4a that the laser mode is distributed randomly. This is because a certain amount of heat is generated when the cavity is excited by the excitation light. Under the thermal perturbation, the liquid solution produces an uneven distribution of refractive index which leads to light scattering. The polarization character of the laser is also studied. The linear polarizer demonstrates the anisotropic properties of lasing emissions. The degree of polarization, defined as P = (I1 − I2)/(I1 + I2), is estimated, where I1 and I2 are the intensity of lasing emission with polarization at two different directions respectively. As shown in the inset of Figure 4b , the lasing emission of the WSe2 QDs is polarized, with the degree of polarization as P = 27.6%. 
Conclusions
In this study, WSe2 QDs were fabricated via one step ultrasonic probe sonication in PEG400 [11, 36] . Fluorescence enhancement as high as 3.7 times was achieved by thermal treatment of WSe2 QDs in PEG400. A Fabry-Perot laser cavity, which utilize WSe2 QDs as laser gain medium was fabricated by sandwiching a layer of WSe2 QDs in PEG400 between an aluminum mirror and a dielectric mirror. Lasing emission was achieved from the Fabry-Perot laser cavity by optical pumping at 380 nm. A laser threshold of ~3.5 kW/cm 2 was recorded. FWHM of the lasing spectrum which narrowed from 67 nm to 25 nm was observed for the first time. This demonstration of lasing emission expands TMDCs QDs into a new application area. 
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